The relationship between the oviduct and embryo development in the mouse was investigated and the period at which the influence of oviduct can be concerned in the development of mouse embryos in vitro was identified. In addition, the relative molecular weight of oviductal factors that promote embryo development was demonstrated. Mouse zygotes developed to the blastocyst stage when co-cultured with ampulla. The period of embryo co-culture significantly affected the further development of the embryos. Fewer one-cell embryos co-cultured with dissected ampullae for less than 24 h developed to blastocysts than those co-cultured for more than 28 h (P < 0\m=.\001). A high percentage of embryos co-cultured with ampullae after 24 h of culture in vitro developed to the blastocyst stage, which suggests that the influences of ampulla on the development of mouse embryos are restricted to a specific period at the two-cell stage (about 55\p=n-\56h after hCG injection) in vitro. Mouse ova that were cultured in media conditioned by ampullae could also develop to the blastocyst stage. The fractionated medium that contained low molecular weight fractions was more effective (P < 0\m=.\001) on the development of embryos to the blastocyst stage than that containing high molecular weight fractions. These results suggest that the low molecular weight oviductal factors play an important role in the development of mouse embryos at a certain critical age in vitro.
Introduction
In many mammalian species, the development of one-cell embryos is usually blocked at various early stages in vitro: for example one-cell mouse embryos, with the exception of some inbred strains and F" hybrids of those strains (Whitten & Biggers, 1968; Kaufman & Sachs, 1976 ; Goddard & Pratt, 1983) , exhibit a block at the two-cell stage. Hamster embryos at both the two-and four-cell stages in vitro exhibit similar developmental arrest (Bavister et al., 1983) . This failure to cleave beyond the two-cell stage has been termed the 'two-cell block'.
Developmental block, however, is due to the lack of some components in the culture medium Cross & Brinster, 1973; Abramczuk et al., 1977; Loutradis et al., 1987) or is caused by an inappropriate environment (Quinn & Harlow, 1978) for embryo development. For example Whitten's medium containing micromolar concentration of ethylenediaminetetraacetic acid (EDTA) can promote the development of mouse one-cell embryos to the blastocyst stage (Abramczuk et ai, 1977) . Chatot et al. (1989) reported that a high pro¬ portion of one-cell mouse embryos from an outbred strain could develop to the blastocyst stage in vitro in CZB medium. This is a further modification of BMOC-2 medium in which the lactate: pyruvate ratio is changed, glucose is excluded, and glutamine and EDTA are added. Schini development of hamster two-cell embryos to blastocysts in HECM-2 was achieved by increased C02 concentration and by reduced 02 concentration of culture medium (McKiernan & Bavister, 1990 ). Muggleton-Harris et al. (1982) and Pratt & Muggleton-Harris (1988) reported that the block could be overcome by transplantation of cytoplasm from a non-blocked embryo into a blocked embryo, and demonstrated the existence of cell-cycle-related cytoplasmic components.
In vivo, effects of the oviducts on the development of early cleavage stage mouse embryos were demonstrated (Goddard & Pratt, 1983) . Effects of oviducts have been shown in many species by co-culturing embryos with oviductal cells (Gandolfi & Moor, 1987; Rexroad & Powell, 1988; Carney et ai, 1990; Sakkas & Trounson, 1990; Ellington et al., 1990) or tissue (Eyestone & First, 1989; Minami et ai, 1991) , or by organ culture system (Biggers et al., 1962; Whittingham, 1968; Minami et al., 1988) . Although the secretory activity of the oviduct has also been investigated, and some proteins that are secreted have been identified and characterized in mice (Kapur & Johnson, 1985 , the detailed function for embryo development remains unknown. Development of mouse embryos under the influence of oviduct in vitro can provide a model for the analysis of oviductal factors that promote embryo development.
In this study, experiments were designed to (1) identify the stage at which the embryos could be influenced by the oviductal environment for their development, and (2) examine the effect of conditioned medium fractionated by Sephadex G-25 column on the development of mouse ova in vitro.
Materials and Methods

Culture medium
In all experiments, the medium used was modified Whitten's medium (MW) (Hoppe, 1985) containing 5-55 mmol glucose 1 " ', 0-27 mmol sodium pyruvate 1 " ' and 1-62 mmol calcium lactate 1~'. In Expts 1 and 2, the medium used for embryo and oviductal tissue culture was MW containing 3 mg bovine serum albumin mP ' (Armour Pharmaceutical Co., Kankakee, IL, USA) (MW + BSA). In Expts 3, 4 and 5, the media used were MW + BSA and MW containing 4 mg polyvinylpyrrolidone mlM (Nacalai Chemical Co., Japan) (MW + PVP). All media used were sterilized by filtration through 0-22 pm Millex-GV filters (Millipore Co., Bedford, MA, USA) before use.
Embryo collection
Fiveto seven-week-old randomly bred ICR mice were superovulated with intraperitoneal injections of 5-10 iu pregnant mares' serum gonadotrophin (PMSG; Teikoku Hormone M. F. G. Co. Ltd, Japan) followed 48 h later by 5-10 iu human chorionic gonadotrophin (hCG; Sankyo Zoki Co., Ltd, Japan). Females were mated overnight with an ICR male on the day of hCG injection. Fertilized one-cell embryos were collected from successfully mated mice at 27-28 h (Expts 1 and 2) or 25 h (Expts 3-5) after the hCG injection by flushing oviducts with MW + BSA (Expts 1 and 2) or MW + PVP (Expts 3-5).
Preparation of oviductal tissue
In Expts 1 and 2, oviducts that contained unfertilized eggs were obtained from unmated 5-6-week-old ICR mice superovulated with PMSG and hCG as described above. Oviducts for co-culture were isolated 25 h after the hCG injection. They were flushed with MW + BSA and transferred to the medium containing three protease inhibitors at final concentrations of lOOpmol phenylmethanesulfonyl fluoride 1_1 (Sigma Chemical Co. Inc., Milwaukee, WI, USA), lOpmol leupeptin 1 (Sigma Chemical Co.) and lOpmol pepstatin 1 (Sigma Chemical Co.) (Minami et al., 1991) . The isthmic and fimbrial regions of oviducts were removed and the ampullae, opened longitudinally with micro-scissors, were washed with MW + BSA containing the protease inhibitors for about 1 h to prevent the action of proteases that may have been released from oviductal cells that had been broken during dissection.
Co-culture conditions
After treatment with protease inhibitors the oviductal tissues were washed several times with MW + BSA (Expts 1 and 2) or MW + PVP (Expts 3-5). They were then carefully cleaned with sterilized filter paper to remove blood and protease inhibitors, and placed on the bottom of 35 10 mm plastic culture dishes (Nunc, Roskilde, Denmark). In Expts 1 and 2, 100 pi of MW + BSA was added to each tissue to make a small co-culture drop, and then covered with paraffin oil and equilibrated for at least 1 h in a humidified gas phase of 5% C02 in air at 37°C before culture of embryos. Five to fifteen one-cell embryos (identified by the existence of two polar bodies) were added to each co-culture drop.
Conditioning of media
In Expt 3, five dissected ampullae were placed on the bottom of 35 10 mm plastic culture dishes, and then 0-5 ml of MW + BSA or MW + PVP was added to each dish. These media containing ten dissected ampullae were cultured for 12 or 24 h in a humidified gas phase, 5% C02 in air, at 37°C under paraffin oil. In Expts 4 and 5, the medium used for conditioning was MW + PVP. Twenty dissected ampullae were cultured for 24 h under the same conditions without paraffin oil. After conditioning, the media were recovered and filter-sterilized before making culture drops in each experiment.
Fractionation of conditioned medium
The conditioned medium was fractionated on a Sephadex G-25 column (PD-10; Pharmacia, Uppsala, Sweden). After equilibration with 25 ml MW + PVP, 2-5 ml of conditioned medium was placed on top of the column. The high molecular weight fractions were recovered when the column was first eluted with 3-5 ml MW + PVP. The low molecu¬ lar weight fractions were collected with the next 5 ml of elution medium. As a result of fractionation of conditioned medium, the high molecular weight fractions were diluted 1-4-times and the low molecular weight fractions were diluted twice. Each eluted medium containing high or low molecular weight fraction was sterilized with 0-22 pm Millex GV filters, and then used for embryo culture.
Experimental studies Experiment 1. The effects of the co-culture period on the development of one-cell embryos were examined. Onecell embryos recovered at 27-28 h after hCG were placed into 100 pi of co-culture medium containing one dissected ampulla. After 12, 16, 20, 24, 28, 32 and 36 h in co-culture, the embryos were transferred to fresh MW + BSA and were examined to determine morphological stages of development. The number and proportion of embryos that reached the four-cell stage after 24, 20, 16, 12, 8, 4 and Oh in culture, respectively, were recorded. After additional culture for 48 h, the numbers and percentages of blastocysts were also recorded. As a control, embryos were cultured inMW + BSA for 84 h. Experiment 2. The effects of the starting point and the duration of co-culture were examined. One-cell embryos recovered at 27-28 h after hCG were cultured in vitro for 12, 16, 20, 24 and 28 h in MW + BSA, and then co-cultured for 24, 20, 16, 12 and 8 h in MW + BSA containing one dissected ampulla, respectively. After co-culture, embryos were evaluated and then transferred to fresh MW + BSA. After a further 48 h of culture, the number of embryos developing to blastocysts was recorded. As control, embryos were cultured in MW + BSA for 84 h. Experiment 3. The effects of conditioned medium on the development of mouse embryos and supplementation of BSA before conditioning were examined. The embryos were recovered from superovulated mice 25 h after hCG, by flushing oviducts with MW + PVP, and then cultured in MW + PVP. The oviducts that had contained the embryos were dissected and used to prepare conditioned media. The media used for conditioning were MW + BSA or MW + PVP. After 12 or 24 h of conditioning, the media were recovered and filtered through 0-22 pm Millex GV filter and were used to make 100 pi of culture drops. The embryos were cultured in MW + PVP for 14 or 26 h before transfer to conditioned media and culture for a further 24 or 12 h, respectively. After culture in conditioned media, the embryos were transferred to fresh MW + BSA and cultured for 48 h. The stages of development reached at the end of final culture were recorded.
As control, embryos were cultured throughout in MW + BSA for 86 h. Experiment 4. The effect of dilution of conditioned medium was examined. MW + PVP were used to prepare the conditioned medium. The conditioning period and culture period in conditioned media were fixed at 24 and 12 h, respectively, in accordance with the result of Expt 3. The conditioned media recovered were diluted two, four or eight times with MW + PVP. As described in Expt 3, the embryos were recovered 25 h after hCG and cultured in MW + PVP for 26 h, and then transferred to each diluted medium. After 12 h of culture in each diluted conditioned medium, the embryos were recovered and transferred to fresh MW + BSA. The numbers and percentages of blastocysts were recorded after additional culture for 48 h.
As control, embryos were cultured in MW + PVP for 26 h, and then cultured for 60 h in fresh MW + BSA. Experiment 5. The effects of separated fractions of conditioned medium on the development of mouse embryos was examined. As described above, MW + PVP was conditioned for 24 h. After conditioning, the medium that was recovered and filtered was separated into two phases by a Sephadex G-25 column. Each separated phase contains low molecular weight fractions or high molecular weight fractions, respectively. After fractionation, 100 pi culture drops were made from the aliquots of medium containing low or high molecular weight fractions. The embryos were recovered 25 h after hCG and cultured in MW + PVP for 26 h, and then transferred to each fractionated medium to assess the biological activity of each separated medium. After 12 h of culture in fractionated media, embryos were transferred to fresh MW + BSA and cultured for 48 h. The number of embryos developing to blastocysts was recorded after additional culture in MW + BSA.
As control, embryos were cultured in MW + PVP for 26 h, and then cultured in fresh MW + BSA for 60 h.
Duration of culture. The total period of embryo culture in vitro including the co-culture period was 84 h (Expts 1 and 2) or 86 h (Expts 3-5). In all experiments, embryos from each female were pooled and assigned randomly among all the treatments within one replicate of the experiment.
Statistical analysis
In all experiments, data obtained from at least four replicates were combined and expressed as 0-1 variables and analysed by weighted least squares analysis of variance using the general linear models procedure of the statistical analysis system (SAS Institute, Cary, NC). < 005 was considered statistically significant.
Results
Experiment 1
There were no significant differences in the proportion of blastocysts that developed from onecell embryos (27-28 h after hCG) co-cultured with ampullae for 12, 16 and 20 h; the blastulation rates were 13%, 10% and 16%, respectively (Table 1) . As the co-culture period was prolonged to more than 24 h, significantly greater proportions of embryos developed into blastocysts. The blastulation rates of embryos co-cultured for 24, 28, 32 and 36 h were 27%, 70%, 83% and 82%, respectively. The percentages of four-cell embryos that developed for longer periods (more than 28 h) of co-culture were significantly higher than those developed for shorter periods (24 h or less) of co-culture. These results indicated that the ampullae could provide a good environment for mouse one-cell embryos to develop to the blastocyst stage at about 24 to 28 h in co-culture. 
Experiment 2
In this experiment, embryos that had reached the two-cell stage after 12 to 28 h of culture without ampullae were co-cultured for 24, 20, 16, 12 and 8h, respectively. The proportion of blastocysts that developed after co-culture for each of these periods was not significantly different, but all were significantly different from the control (Table 2) . 9(17)" *A11 percentages derived from the total number of embryos cultured. tAU embryos were examined and transferred to medium without co-culture at 36 h after collection, which was the combined period of incubation before co-culture plus co-culture. "Significantly different within same column (P < 0001).
In Expts 1 and 2, most of the four-cell embryos that developed in culture alone or developed in inappropriate co-culture (which does not include the period of about 28 h after the start of coculture) were morphologically different from those obtained by appropriate co-culture (which includes the period of about 28 h after the start of co-culture). Four-cell embryos that developed in appropriate periods of co-culture have slightly flattened blastomeres (Fig. la) . Those that devel¬ oped in culture without ampullae or in inappropriate co-culture have completely spherical blasto¬ meres (Fig. lb) . The flattened four-cell embryos could develop normally into blastocysts (Fig. lc) , but four-cell embryos having spherical blastomeres did not. Almost all four-cell embryos with spherical blastomeres degenerated when they were cultured for more than 48 h.
Experiment 3
The embryos cultured in conditioned medium supplemented with BSA or PVP could develop to the blastocyst stage (Table 3) . However, there were no significant differences between the conditioned media supplemented with BSA or PVP on the development of embryos to the blasto¬ cyst stage even when the conditioned period was either 12 h or 24 h (65% versus 58%, 75% versus 78%). The percentage of blastocysts that developed in 12 h of culture was significantly lower than that developed in 24 h of culture when PVP was supplemented before conditioning (58% versus 78%).
Experiment 4
The blastulation rates were significantly reduced when the conditioned medium was diluted.
The results indicate that the proportion of blastocysts that developed after subsequent culture gradually decreased as the conditioned media were diluted stepwise (Table 4) . 
Experiment 5
The conditioned medium supplemented with PVP before conditioning was separated into two phases by Sephadex G-25. As shown in Table 5 , the conditioned medium that contained low molecular weight fractions had a much greater effect than that containing high molecular weight fractions on the blastulation rate of mouse embryos in vitro (47% versus 15%). In the process of "bcdValues with different superscripts are significantly different (»c-»d-bdp < 0001, ab.cdp < 0.01 bop < 0.05) fractionation of conditioned medium, the low molecular weight fractions were diluted twice, so the percentage of blastocysts obtained in this experiment (47%) should be compared with those in Table 4 . In Expt 4, the blastulation rate was 63% when the embryos were cultured in conditioned medium diluted twice. (17) "Significantly different within same column ( < 0001). The high molecular weight fraction was diluted 1 -4 times and the low molecular weight fraction was diluted twice.
Discussion
In the present study, we demonstrated the time at which mouse embryos are influenced by the ampulla for their further development and the possibility that the low molecular weight fractions that originate in the ampullae can promote the development of mouse embryos to the blastocyst stage in vitro.
Development of mouse one-cell embryos to blastocysts was significantly promoted by coculture with dissected ampullae for 24, 28, 32 and 36 h (27%, 70%, 83% and 82%), but the per¬ centage of blastocysts that developed in 24 h of co-culture was significantly lower (P < 0001) than the percentage of those developed in co-culture for 28, 32 and 36 h (Table 1) . In contrast, the blastulation rates of one-cell embryos co-cultured with dissected ampullae for 24 h or less were as low as that of embryos cultured without ampullae (Table 1 ). The percentages of four-cell embryos that developed during longer periods (more than 28 h) of co-culture were also significantly higher than those developed in shorter periods (24 h or less) of co-culture (Table 1 ). These results suggest that oviductal influences are not sufficient for the development of embryos to blastocysts until 24 h after collection (51-52 h after hCG), and also suggest that embryos co-cultured with ampullae acquire some factors from the oviduct at about 28 h of co-culture in this system. This possibility was confirmed by culturing one-cell embryos in MW + BSA for 12, 16, 20, 24 and 28 h, and then co-culturing for 24, 20, 16, 12 and 8 h, respectively. There was no effect of the time of beginning co-culture or duration of co-culture. These results showed that the absence of oviductal influence for the first 28 h after collection did not affect embryo development to blastocysts in vitro. Most embryos that had reached beyond the two-cell stage after co-culture for more than 28 h could develop to blastocysts after subsequent culture, but more critical effects of oviduct for embryo development were observed when co-culture periods were prolonged for more than 32 h (Table 1) . This suggests that embryos are influenced by the oviducts between the late two-cell stage and just before the four-cell stage to develop further beyond the four-cell stage to the blastocyst stage; in other words, this stimulation from the oviduct becomes evident about 28 h after embryo collection. This period coincides with the G2 phase of the second cell cycle (Fig. 2) (Luthardt & Donahue, 1975; Bolton et al., 1984) , the timing of the switch from maternal to embryonic genomic control (Braude et al., 1979; Flach et ., 1982; Bolton et al., 1984) . Thus, the factor(s) that activates the next cell cycle may be required for the embryos at about 28 h after collection (55-56 h after hCG, Fig. 2 ). This factor may be produced by the ampullar region of oviduct, but the embryos are not sensitive to this factor until they reach a certain developmental stage. To examine the existence of oviductal factor(s) that promote(s) the development of embryos, we used the media conditioned by ampullae for embryo culture. Development of one-cell embryos cultured in conditioned media to blastocysts was significantly enhanced, even though the supplemented BSA was replaced by PVP (75% and 78%). From these results, it is demonstrated that the analysis of oviductal factors is possible without the influence of exogenous proteins.
Other investigators have demonstrated the existence of oviduct-specific glycoproteins in mice (Kapur & Johnson, 1985 , hamsters (Robitaille et ai, 1988) , rabbits (Shapiro et ai, 1974) , sheep (Sutton et ai, 1984; Gandolfi et al., 1989) , baboons (Fazleabas & Verhage, 1986) and cattle (Boice et al., 1990) , but the biological functions of these molecules have not yet been determined. Although high molecular weight fractions had no effect on the development of embryos (Table 5) , the proportion of blastocysts that developed under the influence of low molecular weight oviductal factors was not that high (47%) compared with the result in Table 4 (63%). This may indicate that the interaction between the low and high molecular weight fractions has some effect on the full development of mouse embryos in vitro. Heyman et al. (1987) have reported the involvement of a low molecular weight fraction from trophoblastic vesicles in the development of bovine embryos, and low molecular weight extracts of BSA that stimulate rabbit blastocyst cell division and expansion have also been shown by Kane (1985) , but they are not from the oviduct. This study is the first report of the involvement of low molecular weight components in embryo development. In The total duration of culture of the embryos with or without co-culture is shown. ' time on this scale was 27-28 h after hCG administration. The blastulation rates are taken from the data of Tables 1 and 2. The diagram of the embryonic cell cycle is modified from Luthardt & Donahue (1975) and Bolton et al. (1984) . The dotted lines show the duration of culture of the embryos in medium alone; the solid lines indicate the duration of co-culture. addition, our preliminary characterization of the active fraction has shown that over 50% of activity seems to be retained despite heating to 100°C for 5 min.
Most of the four-cell embryos developed in co-culture for 24 h or less failed to develop to blastocysts (Table 1) , and, as shown in Fig. la and b , four-cell stage embryos that developed during appropriate periods of co-culture were morphologically different from those obtained after inappropriate periods of co-culture, or from those obtained in culture without ampulla. In Table 1 , 57% (44 of 77) of embryos were already at the four-cell stage after 28 h of co-culture, although they should be at the late two-cell stage according to Fig. 2 . This indicates that the oviductal factor(s) may be speeding up the cell cycle, but morphological flattening did not occur even when the fourcell embryos with spherical blastomeres were cultured further, and also they could not develop beyond the four-cell stage. From these data, this morphological change in the four-cell stage (Fig. la ) may be involved in their activity and the developmental fate of these embryos may be determined before they reach the four-cell stage. However, the relationship between the low molecular weight oviductal factors and these morphological differences remains to be determined.
In conclusion, the period during which embryos are influenced by the oviduct for their develop¬ ment is restricted to about 28 h after collection. Before this period, embryos are apparently not influenced by the oviductal factors that are thought to promote embryo development. These results indicate that low molecular weight fractions play an important role in the development of mouse embryos during a certain critical period at the two-cell stage, and that the function of the oviduct for the embryo development can be analysed.
The low molecular weight oviductal factors described here may be useful in clarifying the bio¬ chemical nature of environmental factors necessary for the development of early preimplantation embryos.
